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Recent experiments with identically tuned nested Mach-Zehnder interferometers which attempted
to observe the location of particles inside these interferometers are analyzed. In spite of claims to the
contrary, it is argued that all experiments support the same surprising picture according to which
the location of the particles inside the interferometers is not described by continuous trajectories.
I. TRAJECTORY OF A QUANTUM PARTICLE
The trajectory of a quantum particle inside an inter-
ferometer is a controversial topic. It is easy to answer the
question: ‘In which arms the wavefunction of the parti-
cle entering the interferometer appears?’ However, even
the meaning of the question: ‘Where was the pre and
postselected particle inside the interferometer?’ is not
clear. Adding strong measurements which would unam-
biguously tell us the particle path spoils the interference.
So the results of such measurements do not necessarily
help us to know where the particle was in the interfer-
ometer without intermediate strong measurement.
A seemingly reasonable approach was suggested by
Wheeler [1], who proposed that when in the interfer-
ometer the original wave packet splits into several wave
packets, only one of which reaches the detector, then the
trajectory of this wave packet is the trajectory of the
particle. He made this proposal in the context of a de-
layed choice scenario which included a controversial claim
about affecting the past, but the proposal was considered
uncontroversial when there were no changes in the inter-
ferometer during the photon flight.
When a classical particle moves along a particular tra-
jectory it is expected that it leaves some (maybe very
faint) trace in the environment, so a natural assumption
is that this faint trace can be used as another definition
of particle’s trajectory. A moving localized wavepacket
of a quantum particle is also expected to leave a faint
trace: tiny local changes of the quantum states of the
environment. These changes are not strong enough to
leave robust records along the trajectory of the particle in
the form of quantum states orthogonal to the states of an
undisturbed environment. The faint traces are small am-
plitudes of orthogonal (to the undisturbed states) compo-
nents which can be found only from experiments on an
ensemble of particles with the same pre and postselec-
tion. Even these faint traces can be taken as definitions
of the trajectory of the particle: the particle was where
it left a trace of the order a localized wave packet would
leave. In the case of the motion of a well localized packet
this definition provides a continuous line starting at the
source and ending at the detector.
FIG. 1. Measuring faint traces in an optical nested Mach-
Zehnder interferometer. a) Constructive interference. b) De-
structive interference in the inner interferometer towards F .
(Figures 3a and 3b in [22]).
II. NESTED MACH-ZEHNDER
INTERFEROMETER
In most cases the trace definition and Wheeler’s pro-
posal provide the same pictures of trajectories. How-
ever, it was found [2] that for a particularly tuned nested
Mach-Zehnder interferometer (MZI), the two proposals
yield different pictures. According to Wheeler, the tra-
jectory is a single continuous line. The faint trace will
be on all parts of this line, but also in a separate loop
disconnected from the line. The prediction of this closed
loop, which does not start at the source and does not end
at the detector, generated a hot discussion [3–21] which
only intensified [22–40] after the first experiment with
photons [22] confirmed discontinuous trajectories.
In the optical experiment [22], the nested MZI was
tuned in two particular ways, see Fig. 1. In the first run,
performed as a test of the system, there was constructive
interference in both the inner and the external interfer-
ometers. The faint traces were observed in all segments
of the interferometer, A, B, C, E, and F , see Fig. 1 (a).
In the second run, the inner interferometer was tuned
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2FIG. 2. (a) A schematic description of the experimental setup
of the neutron interference experiment with simulation of the
results (taken from [42], Fig. 3). (a) Constructive interfer-
ence. (b) Destructive interference in the inner interferometer
towards F .
to create destructive interference toward the final beam
splitter of the external interferometer and the faint traces
were observed on path C, but also inside the inner inter-
ferometer on paths A and B. No traces were observed
on the paths leading towards and out of the inner inter-
ferometer, segments E and F , see Fig. 1 (b).
III. NEUTRON INTERFERENCE
EXPERIMENT
An experiment with neutrons [41] recently reported in
a paper [42] “Asking neutrons where they have been”
(following the title of [22] “Asking photons where they
have been”) ends with the conclusion: “The discontin-
uous trajectories of the photons described in [22] stem
from a misinterpretation of the observed faint traces. A
faint trace is only a sufficient but not a necessary condi-
tion for the presence of the particle. Our experimental
results witness the multifold presence of the neutron’s
wave function in the interferometer.” The authors, do
not state explicitly where was the neutron in their ex-
periment. However, from the phrase “A faint trace is
only a sufficient but not a necessary condition for the
presence of the particle” it is clear that they admit the
presence of the neutron inside the inner interferometer
(contested by others, e.g. [36]). Then, to avoid “discon-
tinuous trajectories” the neutron has to be in all arms of
the interferometer.
A small difference in the neutron interference experi-
ment, Fig. 2. was that it had no segment E. To make an
exact copy of the optical experiment one would require a
crystal with five plates, instead of four which were used.
(Even four plates is a technological achievement, since
most previous neutron interference experiments had just
three plates.) A bigger difference was in the experimental
method of marking the paths. In the optical experiment
[22], the markings were given by frequencies of the vibra-
tions of the mirrors in the interferometer. Rotation of
the mirror provided a tiny change in the transverse mo-
mentum of the photon which correspondingly influenced
the transverse position of the detected photons. In the
neutron experiment, by contrast, the marking was done
by placing resonance-frequency spin-rotators operating
at different frequencies in various arms of the interferom-
eter. Neutrons passing through different arms obtained
different energies which were detected by analyzing en-
ergy spectrum of the neutrons.
IV. OPTICAL COUNTERPART OF NEUTRON
INTERFERENCE EXPERIMENT
Another optical experiment [43] used a which-path
marking method, conceptually identical to that of the
neutron interferometer, see Fig. 3, so it is possible to per-
form a direct comparison between optical and neutron in-
terference experiments. Various electro-optic phase mod-
ulators (EOM) were introduced in different paths of the
original nested MZI. They caused various frequency side-
bands which were detected in spectrum analyses of the
detected photons. The authors of this optical experi-
ment reported full agreement with the conclusions of [22].
They observed “anomalous trajectories which are non-
continuous and in some cases do not even connect the
source of the photon to where it is detected”.
In contrast, the authors of the neutron interference ex-
periment [41, 42] criticised the conclusions of [22] and
[43] in spite of the fact that their reported results actu-
ally support the surprising discontinuous picture of the
past of the particle in the nested MZI. The neutron ex-
periment had significant systematic errors which made it
difficult to interpret their experimental results, but the
authors presented simulations of expected results for an
ideal case, see Fig. 2. The simulation of the power spec-
trum from their neutron interference experiment exactly
fits (except for missing arm E) the actual data of the
optical experiment [43], see Fig. 3. Both in [41] (as
I demonstrated in an unpublished comment [44]) and in
the recent report [42], the authors of the neutron interfer-
ence experiment clearly state that the “faint traces” they
observed are the which-path markers of the neutron. The
3FIG. 3. Optical nested Mach-Zehnder interferometer with
electro-optical modulators having different modulation fre-
quencies, placed in every arm. (a) Constructive interference.
(b) Destructive interference in the inner interferometer to-
wards F .
results, or at least their simulation of the results, were
presented in their Fig. 3 (repeated here in Fig. 2.) as
a “which-way signal”. The graphs clearly show discon-
nected trajectories predicted in [2] and observed in [22]
and [43].
Let us discuss in more detail the methods of measuring
the faint trace. In all experiments [22, 42, 43] the measur-
ing device was the particle itself. The faint trace record
was “written” on the degree of freedom of the particle
and it had to remain intact until the particle reached the
detector which “read” the record. In experiments [22]
the faint trace record was written on the transverse mo-
mentum and it was important to pay special attention so
as not to distort it. For example, adding a dove prism
to the inner interferometer makes the experiment incor-
rect [24, 25]. In the optical experiment [43] and in the
neutron experiment [41] the information about the faint
trace was written in the energy of the particle. This kind
of record is more robust; a dove prism would not spoil
the experiment.
On one hand, the optical experiment [43], which is
a single-particle experiment seems to be better, more
“quantum” than the original experiment [22] performed
with laser light. On the other hand, the single-particle
experiment has a conceptual difficulty. Every detection
of the modified energy of the particle corresponds to a
strong measurement which provides unambiguous path
determination. All such particles had known contin-
uous trajectories. The task, however, is to determine
where were the particles inside the interferometer with-
out strong which-path measurement. This was deduced
through indirect inference from many detection events
in the ensemble. The statistics of detection events at
different sideband energies provided information for the
majority of photons which were not disturbed and were
detected with the basis energy. It was assumed that these
undisturbed photons were (sometimes simultaneously) in
arms where a significant (although still very small) frac-
tion of photons were disturbed and then detected, and
that there were no photons (disturbed or undisturbed)
in arms where no disturbed photons were found. In con-
trast, in the experiment with vibrating mirrors no infor-
mation was obtained about individual particles, so there
were no photons with a known continuous path.
V. WHICH-PATH MEASUREMENT IN
MACH-ZEHNDER INTERFEROMETER
It is claimed that another which-path experiment in
MZI [45] “has an immediate bearing on the experiments
by Danan et al. [22] and Zhou et al. [43].” In this
experiment, the part of the original interferometer, the
inner tuned interferometer, was analyzed. It was shown
that when a particle was detected at a dark port of the
MZI, then robust which-path information was present in
the environment. In their words [45]:“every photon that
emerges from the dark output port of the balanced in-
terferometer has a known path”. In the experiment they
demonstrated a different result. They showed that pho-
tons with a known path end up in a dark port and that
undisturbed photons with unknown path did not reach
the dark port. The sentence: “every photon that emerges
from the dark output port of the balanced interferometer
has a known path” has to be clarified. It seems that in
general it is not correct, and even in the most favorable
conditions its meaning is limited. In an ideal balanced in-
terferometer there are no photons reaching the dark port.
In the context of our discussion, I assume that “balanced
interferometer” is different from an ideal balanced inter-
ferometer due to decoherence, i.e. that the photon leaves
a trace in the environment, but the state of the photon
moving in any one arm is not affected. Let us consider
the case of an equal decoherence strength in all arms. In
this case the quantum states of the local environment in
the arms, |ΦA〉, |ΦB〉 are not changed when the photon is
not present and the presence of the photon changes them
in the following way:
|A〉|Φ〉A → |A〉|(η|ΦA〉+ |ΦA⊥〉), (1)
|B〉|Φ〉B → |B〉(η|ΦB〉+ |ΦB⊥〉). (2)
In this scenario, for the case of the detection of the pho-
ton in the dark port, the final state of the environment
will be
1√
2
(|ΦA⊥〉|ΦB〉 − |ΦA〉|ΦB⊥〉). (3)
4This is what apparently corresponds to a “known path”
- the quantum state of the environment is in complete
correlation with the path (this would not be the case if
the couplings were different in the two arms).
However, complete correlation does not correspond to
the known path in the usual sense. “Known” path is
a single definite path, which some observers might not
know, but for which there are unambiguous records some-
where. In our situation, even if we are given complete
information about the system and the environment, we
do not know if the path was A or B, in some sense it was
both.
The states of the environment (3) might well remain
at the microscopic quantum level for a long time. Then
we can consider a quantum erasure scenario [46] in which
a measurement of the environment, say in arm A, is per-
formed immediately after a photon interacts with the en-
vironment, in the basis |±〉:
|±A〉 ≡ 1√
2
(|ΦA⊥〉 ± |ΦA〉). (4)
Now, at the time the photon is detected in the dark port,
we already know that the state of the environment is ei-
ther |+A〉|−B〉 or |−A〉|+B〉. Both cases correspond to
the situation in which we have no information about the
path the photon took. Note that our quantum erasure
measurement does not change the motion of the photon
if it is well localized in one of the arms, so we can still
claim that this is an experiment with a balanced interfer-
ometer. Thus, my proposal provides a counterexample to
the statement “every photon that emerges from the dark
output port of the balanced interferometer has a known
path”.
The main reason why experiment [45] does not “have
an immediate bearing on the experiments by Danan et
al. [22] and Zhou et al. [43]” is that the photons in the
latter experiments were not detected in the dark port.
We can only infer the presence of the photon in the dark
port using classical logic, the legitimacy of which (in its
application to quantum particles) was challenged in the
work on the past of the photon [2]. The questionable
classical argument is: photons which were in the inner
interferometer were also in its dark port, because other-
wise they could not reach the final detector of the nested
interferometer. The proof that the trajectory is continu-
ous is not legitimate if it presupposes that the trajectory
must be continuous [37].
VI. THE CONTROVERSY ABOUT NESTED
MACH-ZEHNDER INTERFEROMETER
The controversy about where the particles have been in
the nested interferometer is the controversy of the three
competing pictures presented in Fig. 4: (a) Discontin-
uous trajectories with a presence in A, B, and C, but
not in E and F , proposed in [2] and confirmed in exper-
iments as the location of the first order faint traces left
FIG. 4. The controversy about where were the particles (thick
green line) in the tuned nested Mach-Zehnder interferometer.
(The red line shows the wave function of the particle.) (a)
the discontinuous trajectory proposed in [2] and confirmed in
[22, 43] (b) The continuous trajectory in all arms of the inter-
ferometer, claimed to be confirmed by a neutron interference
experiment [41, 42]. (c) A single continuous trajectory, the
“common sense” picture advocated by [36] and claimed to be
supported by the experimental results [45].
by the pre and postselected particle. (b) Everywhere in-
side the interferometer A,B, C, E and F . This picture
is advocated by the authors of the neutron interference
experiment. (c) A continuous single trajectory through
arm C corresponding to classical common sense as the
only possible path of the wave packet from the source to
the detector. Is there a way to decide which picture cor-
rectly describes where the pre and postselected particles
5FIG. 5. Bohmian trajectory (black line) of the particle de-
tected by detector D in the tuned nested Mach-Zehnder in-
terferometer. (The red thick line shows the wave function of
the particle.)
have been? No! There is no consensus about the inde-
pendent definition of where the particle was, one can only
argue which definition is more natural and more useful.
Note, that in Bohmian mechanics [47] the trajectory is
different from all three pictures of Fig. 4, see Fig. 5 [48].
In my view picture (c), although very natural accord-
ing to classical common sense - the only path the particle
could take - is deeply misleading. The single trajectory
passing through C would be confirmed if an unambiguous
path discrimination measurement that path C is the tra-
jectory were to be performed. But it is definitely wrong
to consider it as the only trajectory of the pre and postse-
lected particle without unambiguous path discrimination
measurements, since a continuous path passing through
A would also be confirmed with certainty if an unam-
biguous test were to be performed there instead.
Picture (b) also seems to be misleading and not useful
for our purposes. It is not clear why the authors of the
neutron interference experiment advocated this picture,
but one way for its justification is an observation that
presence of the trace inside the inner interferometer in
arms A and B cannot happen without the presence of
some trace in E and in F . However, this picture does
not distinguish between areas with faint traces, similarly
to the traces of a localized particle, and areas with much
smaller faint traces. The ratio between the traces in A,
B, and C and the traces in E and F might be arbitrarily
large. (Note the concept of a secondary presence I in-
troduced in [5].) In particular, this picture seems to be
impractical as it implies the nonexistence of dark ports
in interferometers.
I find the faint trace picture (a) the most natural and
useful. What helps me is the two-state vector formal-
ism (TSVF) [49] which describes pre and postselected
particles by the two-state vector consisting of the usual
quantum state evolving forward in time and the other
one, evolving backward in time from the detector. The
TSVF provides a very simple proof for a natural coun-
terfactual property of picture (a). In every location the
particle is not present according to the trace criterion (a),
there is zero probability to find it in a strong measure-
ment (provided it is only searched for there). Indeed, if
in a particular place there is no first order weak trace, the
weak value of the projection on that place must be zero.
The projection operator is a dichotomic variable, and for
such variables, according to the theorem introduced in
[50], if the weak value equals an eigenvalue, this eigen-
value is obtained in a strong measurement with certainty.
Therefore, we know with certainty that in arms E and
F directed towards and out of the inner interferometer,
we will not find the particle in a strong nondemolition
measurement.
Another nice feature of the TSVF is that it admits
a formal definition of the weak trace picture (a): the
overlap of the forward and backward evolving states. The
discontinuity of the particle trajectory then gets a simple
explanation. Both forward and backward evolving states
exhibit continuous time evolution, but the overlap might
exhibit discontinuities.
Finally, the TSVF can upgrade the picture (a) of the
particle’s path to the picture which describes not only
where but also how the particle was present. In gen-
eral, the weak value of the projection can be any com-
plex number. In [2] (P(~r))w = 0 corresponds to a par-
ticle not being present in ~r while (P(~r))w 6= 0 (and it is
not a very small number) corresponds to a particle being
present in ~r. The particle either affects the environment
in ~r or it does not affect it. A deeper understanding
of the concept of the weak value [51] tells us that the
weak value of the projection operator describes the uni-
versal modification of all local weak interactions [52]. All
couplings might be amplified, reduced, changed in the
direction of their action, and, if the weak value is imagi-
nary, changed in the type of actions that are effected: a
shift instead of a kick, a kick instead of a shift. Thus,
(P(~r))w tells us where and how the particle is present.
In our case (PC)w = (PA)w = 1, (PE)w = (PF )w = 0,
and (PB)w = −1. The experiments did not observe the
opposite direction of the disturbance in arm B, because
they were sensitive only to the size of the signal.
Precise details of small interactions with the environ-
ment in a tuned nested interferometer will allow for cal-
culation of the tiny weak values of projections on E and
F , providing a precise picture of the pre and postse-
lected particle in all arms of the interferometer, includ-
ing the differences between a full and secondary presence.
Clearly, it will be superior to the less informative picture
(b).
VII. CONCLUSIONS
In the words of one of the referees, the answer to the
question in the title of this paper is: “Of course not! Af-
ter all, interferometers, whether optical or neutron, work
very much on the same principles and both particles obey
6the same quantum mechanical laws, so there should not
be any discrepancies.” There have been, however, contro-
versies in the published literature concerning this matter
and the present paper attempts to clarify the situation.
I described four experiments. The original experiment
with a particularly tuned optical nested MZI demonstrat-
ing a peculiar pattern of faint traces the photons leave.
Another optical experiment considered the same configu-
ration, but was performed with single photons and a dif-
ferent method of observing the traces. I also considered
a neutron experiment involving a nested MZI, analogous
to the single photon experiment, and finally a single pho-
ton experiment of a single MZI tuned to exhibit complete
destructive interference in one of the ports as the inner
MZI of the original experiment. I have shown that indeed
there are no discrepancies between the experimental data
collected in all these experiments.
The data confirms standard quantum mechanics, but
it also supports a particular interpretation of these ex-
periments according to which the location of the pre and
postselected particles in the setups of nested interferom-
eters is not described by continuous trajectories starting
at the source and ending at the detector. This interpre-
tation is based on the definition: the particle was where
it left a faint trace. This definition is not part of standard
quantum mechanics, which is silent regarding the ques-
tion of which path was taken by a pre and postselected
quantum particle.
In all the experiments I discussed, the measuring de-
vice testing where the particle left a trace inside an inter-
ferometer was the particle itself. A conceptually better
experiment would be a direct observation of the traces
left by the particles using an external measuring device
[29]. Such an experiment is more challenging, but seems
to be feasible in a foreseen future (see, for example, the
case of a weak measurement with an external measuring
device [53]).
The current analysis sheds light on the question of the
validity of the criticism of the paper [2]. In this paper the
presence of particles is defined according to the first or-
der trace (i.e. similar to the trace a well-localized packet
leaves), and this trace can be analyzed theoretically and
experimentally. I argued there that this criticism is incor-
rect, and that all experiments testing faint traces includ-
ing [42] actually support the discontinuous picture [2],
while the experiment of Ref. [45] is not relevant. This
is firstly because it is not an experiment with a nested
interferometer, and secondly because it is a strong mea-
surement with unambiguous path discrimination. My
analysis also questions the validity of the main conclu-
sion of [45]: “every photon that emerges from the dark
output port of the balanced interferometer has a known
path”.
The validity of standard quantum mechanics is not
brought into question by my analysis and the experimen-
tal data of all discussed experiments is fully consistent
with it. However, I find that the continuous effort to
extend the range of concepts of quantum theory (here:
asking the question of where a pre and postselected par-
ticle has been) is fruitful. It brings with it new intuitions
and a deeper understanding of nature which enables the
progress of quantum technology.
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